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Objective: A study was undertaken to examine the association between incident cancer and the subsequent risk of stroke. Methods: Using the Surveillance, Epidemiology, and End Results-Medicare linked database, we identified patients with a new primary diagnosis of breast, colorectal, lung, pancreatic, or prostate cancer from 2001 through 2007. These patients were individually matched by age, sex, race, registry, and medical comorbidities to a group of Medicare enrollees without cancer, and each pair was followed through 2009. Validated diagnosis codes were used to identify a primary outcome of stroke. Cumulative incidence rates were calculated using competing risk survival statistics.
Results: Among 327,389 pairs of cancer patients and matched controls, the 3-month cumulative incidence of stroke was generally higher in patients with cancer. Cumulative incidence rates were 5.1% (95% confidence interval [CI] 5 4.9-5.2%) in patients with lung cancer compared to 1.2% (95% CI 5 1.2-1.3%) in controls (p < 0.001), 3.4% (95% CI 5 3.1-3.6%) in patients with pancreatic cancer compared to 1.3% (95% CI 5 1.1-1.5%) in controls (p < 0.001), 3 .3% (95% CI 5 3.2-3.4%) in patients with colorectal cancer compared to 1.3% (95% CI 5 1.2-1.4%) in controls (p < 0.001), 1.5% (95% CI 5 1.4-1.6%) in patients with breast cancer compared to 1.1% (95% CI 5 1.0-1.2%) in controls (p < 0.001), and 1.2% (95% CI 5 1.1-1.3%) in patients with prostate cancer compared to 1.1% (95% CI 5 1.0-1.2%) in controls (p 5 0.085). Excess risks attenuated over time and were generally no longer present beyond 1 year. Interpretation: Incident cancer is associated with an increased short-term risk of stroke. This risk appears highest with lung, pancreatic, and colorectal cancers. ANN NEUROL 2015; 77:291-300 N early 13 million Americans (4% of the population) have cancer and another 1.6 million receive a new cancer diagnosis each year. 1 Autopsy data indicate that 15% of these patients have pathological evidence of cerebrovascular disease upon death, 2 and several small, retrospective cohort studies have demonstrated that stroke is common in patients with cancer. 3, 4 Pathophysiological considerations suggest that many of these strokes may arise from unique mechanisms related to cancer-mediated hypercoagulability or complications of oncological treatments. 2, 3, 5, 6 Few population-based data exist to support an independent association between cancer and stroke. Prior studies have found increased risk of stroke in patients with breast, lung, and head and neck cancer, patients undergoing radiotherapy for cervical cancer, and longterm survivors of Hodgkin lymphoma, 7-11 but these findings in small subsets of cancer patients may not apply to the overall cancer population. Conversely, a recent study from Sweden reported that several cancer types were independently associated with stroke, but this study used only inpatient data from a demographically homogeneous population. 12 To better assess the relationship between cancer and the risk of stroke, we used population-based Medicare claims data to assess the risk of stroke in patients with a new diagnosis of cancer compared to a matched cohort of patients without cancer. Our hypothesis was that a new diagnosis of cancer is associated with an increased risk of subsequent stroke, and that the risk is highest soon after cancer diagnosis. We also hypothesized that the risk would be highest in patients with pancreatic cancer because mucinous adenocarcinoma, which accounts for most pancreatic cancers, is the cancer histology most commonly associated with thromboembolism from cancer-mediated hypercoagulability. 13 
Subjects and Methods

Design
We performed a retrospective matched cohort study using Surveillance, Epidemiology, and End Results (SEER) data linked with Medicare claims from 2001 through 2009. The SEER-Medicare data set comprises national population-based cancer registries linked to Medicare enrollment and claims files, and provides detailed clinical information about a heterogeneous population of cancer patients. The SEER registries include approximately 28% of all patients diagnosed with cancer in the United States. 1 SEER also includes data from a 5% random sample of Medicare beneficiaries without cancer residing in SEER geographic regions, which enabled us to compare the risk of stroke in patients with cancer versus matched patients without cancer. Medicare data used for this study included the physician and supplier file, the outpatient standard analytic file, and the Medicare provider analysis and review file. The Memorial Sloan Kettering Cancer Center review board approved this study and waived the need for informed consent.
Cancer Population
Cancer cases consisted of all patients aged 66 years or older diagnosed with primary breast, colorectal, lung, pancreatic, or prostate cancer from January 1, 2001 to December 31, 2007 . We a priori chose breast, colorectal, lung, and prostate cancers because these are the 4 most common malignant cancer types and thus are most representative of cancer in general (accounting for approximately 50% of all new malignant cancers). 1 We also included pancreatic cancer because it is the cancer type most commonly reported in association with thromboembolic events. 13, 14 Data for each of the 5 cancer types were analyzed separately to account for variable risks across cancer types. Patients who were diagnosed with multiple primary cancers during the study period were assigned the cancer type diagnosed first.
We used site record definitions from the SEER Patient Entitlement and Diagnosis Summary File to identify patients with incident cancer. 15 The specific site definitions used to define our specific cancer cohorts are based on the SiteR1 classification and are as follows: prostate (54: prostate), lung (37-41: nose, nasal cavity, and middle ear; larynx; lung and bronchus; pleura; trachea, mediastinum, and other respiratory organs), breast (46: breast), colorectal (15-23 and 25-27: cecum; appendix; ascending colon; hepatic flexure; transverse colon; splenic flexure; descending colon; large intestine not otherwise specified; rectosigmoid junction; rectum; anus, anal canal, and anorectum), and pancreas (33: pancreas).
We excluded patients with cancer if they lacked Part A or B Medicare coverage or belonged to a health maintenance organization in the year prior to their cancer diagnosis or during follow-up, their cancer diagnosis was made at death or by autopsy or death certificate only, their cancer diagnosis was made before 2001 or after 2007, their first cancer diagnosis during the study period was not their first-ever cancer, their age at the time of cancer diagnosis was <66 years (to allow time to fully ascertain comorbidities in the year prior to cancer diagnosis), their month of cancer diagnosis was missing, or we could not identify a control patient without cancer matched on our predefined factors.
In addition, to minimize ascertainment bias and restrict our evaluation to first-ever stroke, we excluded patients with a Medicare claim for stroke or cerebrovascular disease as defined by the Medicare comorbidity macro (an adaptation of the Charlson comorbidity index that comprises 15 comorbidity variables) in the year prior to cancer diagnosis. [16] [17] [18] 19, 20 
Control Population
We compared the incidence of stroke in patients with cancer to the incidence in a matched cohort of fee-for-service Medicare enrollees without cancer identified from the 5% sample of Medicare beneficiaries residing in SEER areas. Each patient with cancer was individually matched to a cancer-free control patient by year of birth, sex, race (dichotomized into white or nonwhite), SEER registry (a proxy for geographic region categorized into Northeast, Midwest, South, and West regions), and Charlson comorbidity index in the year prior to study entry (dichotomized into 0 or 1). Because the Charlson comorbidity index does not include the important stroke risk factors hypertension and atrial fibrillation, we also matched each patient by ICD-9-CM codes for hypertension (401-405, 437.2) or atrial fibrillation (427. 31, 427.32) in the year prior to study entry. Similar to the cancer patients, we excluded patients without cancer if they lacked Medicare Part A or B coverage or were enrolled in a health maintenance organization in the year prior to study entry or during follow-up, or if they had a Medicare claim for stroke or cerebrovascular disease in the year prior to study entry.
Measurements
Patients with cancer and their matched controls entered the study at the date of the cancer patient's cancer diagnosis. The primary outcome was a composite of ischemic or hemorrhagic stroke, defined as any ICD-9-CM diagnosis of ischemic stroke (433.x1, 434.x1, or 436) or hemorrhagic stroke (430 or 431) without concurrent codes for rehabilitation (V57) in the primary diagnosis position or trauma (800-804 or 850-854) in any diagnosis position. 21 Patients with codes for both ischemic and hemorrhagic stroke were considered to have had hemorrhagic stroke alone. Our secondary outcomes were ischemic stroke alone and hemorrhagic stroke alone. Medicare claims data have been shown previously to have good sensitivity and excellent specificity and negative predictive value for identifying acute stroke diagnoses. 22 
Statistical Analysis
We used descriptive statistics to characterize patient characteristics at study entry. Because death is a frequent competing risk in patients with cancer, we used competing risk survival statistics to calculate the cumulative incidence of stroke and the associated 95% confidence intervals (CIs). 23 We specifically chose this technique over standard survival statistics (eg, Kaplan-Meier method) because the occurrence of death (ie, frequent competing event) may prevent stroke (ie, outcome of interest) from being observed and standard survival statistics ignore competing risks, which can produce bias and invalid results. In contrast, the competing risk method estimates the hazard of stroke in the presence of death and unlike the Kaplan-Meier method does not censor patients at the time of their death, but instead considers them as failures in the event-free survival portion of its calculation.
We did not calculate hazard ratios for the entirety of patient follow-up because the risks associated with cancer varied over time and therefore the proportional hazards assumption was not satisfied. Instead, we calculated hazard ratios during discrete time periods when the proportional hazard assumption for the specific cancer types was generally met. We also formally compared the 3-month cumulative incidence of stroke between groups by performing the nonparametric test of Robert Gray (ie, log-rank test for competing risk survival statistics). 24 Follow-up was calculated from the case's date of cancer diagnosis until stroke, death, or end of study on December 31, 2009 (whichever occurred first). Strokes and deaths were considered events and patients without these events were censored. Statistical analyses were performed using SAS software (v9.3; SAS Institute, Cary, NC) and R software (v2.13.1).
Results
Patient Characteristics
The final cohort comprised 327,389 pairs of cancer patients and controls matched 1:1 on age, sex, race, registry, history of hypertension or atrial fibrillation, and Charlson comorbidity index (Table 1 ). More than 95% of eligible cancer patients were successfully matched to a control. Most patients were white, >70 years of age, and had a history of hypertension or atrial fibrillation. There were slightly more women in the colorectal and pancreatic cancer cohorts, and an approximately equal number of women and men in the lung cancer cohort. The presence of any medical comorbidity (as defined by the Charlson comorbidity index) besides hypertension or atrial fibrillation depended on the cancer type, ranging from 29% in the prostate cancer cohort to 50% in the lung cancer cohort. Cancer stage at the time of cancer diagnosis also varied depending on cancer type, and was generally more advanced for colorectal, lung, and pancreatic cancers. Median survival for patients with cancer 
All Strokes
At 3 months, the cumulative incidence of stroke was higher in patients with cancer than in matched controls ( Table 2, Fig) . Cumulative incidence rates were 5.1% (95% CI 5 4.9-5.2%) in patients with lung cancer compared to 1.2% (95% CI 5 1.2-1.3%) in controls (Gray test: p < 0.001), 3.4% (95% CI 5 3.1-3.6%) in patients with pancreatic cancer compared to 1.3% (95% CI 5 1.1-1.5%) in controls (p < 0.001), 3.3% (95% CI 5 3.2-3.4%) in patients with colorectal cancer compared to 1.3% (95% CI 5 1.2-1.4%) in controls (p < 0.001), 1.5% (95% CI 5 1.4-1.6%) in patients with breast cancer compared to 1.1% (95% CI 5 1.0-1.2%) in controls (p < 0.001), and 1.2% (95% CI 5 1.1-1.3%) in patients with prostate cancer compared to 1.1% (95% CI 5 1.0-1.2%) in controls (p 5 0.085). Excess risks attenuated over time and generally were no longer present beyond 1 year (see Tables 2  and 3 ).
Stroke Subtypes
As in the general population, 25 most strokes were ischemic, accounting for 89 to 93% of all strokes depending on cancer type. The 3-month cumulative incidence of ischemic stroke closely mirrored that of all stroke ( Table 4 ). The cumulative incidence of hemorrhagic stroke was also increased among patients with cancer as compared to matched controls, but in contrast to the pattern seen with ischemic stroke, the increased cumulative incidence of hemorrhagic stroke attenuated less over time ( Table 5 ). 
Discussion
In a large, heterogeneous, nationally representative group of elderly patients in a prospective cancer registry, we found an independent association between new primary diagnosis of cancer and subsequent stroke. As in the general stroke population, most strokes were ischemic, although the risk of hemorrhagic stroke was also increased and remained elevated for longer. The heightened risk of stroke was greatest in the first 3 months after cancer diagnosis and then slowly decreased over time, supporting the biological plausibility of an association between cancer and stroke given that cancermediated hypercoagulability and the effects of cancer therapy are generally greatest during this time period. 13, 26 In addition, stroke risk appeared to correlate with the general aggressiveness of the underlying cancer type, as the risk was highest among patients with lung, pancreas, and colorectal cancers who more often presented with advanced stage disease, and lowest among patients with breast and prostate cancer who often had localized tumor. This finding further supports the biological plausibility of an association between cancer and stroke because cancer-mediated hypercoagulability and thrombotic risk are closely linked to cancer activity. 27 Prostate cancer, which is generally speaking the least aggressive cancer type we studied, was only weakly associated with ischemic stroke risk within the first 3 months after cancer diagnosis, but was strongly associated with hemorrhagic stroke risk, even up to 3 years after diagnosis. This difference in risk by stroke subtype may reflect the pathophysiological differences between ischemic and hemorrhagic stroke, as well as the effects of the standard course and treatment of prostate cancer.
Prior studies have shown an increased risk of stroke in patients with breast cancer, cervical cancer treated with radiotherapy, head and neck cancer, lung cancer, and remote Hodgkin lymphoma. [7] [8] [9] [10] [11] However, these studies were limited by relatively small sample sizes, single cancer types, homogeneous populations, and likely incomplete accounting for confounders. Conversely, a recent large study from Sweden reported that patients diagnosed with cancer of any type between 1987 and 2008 had a higher incidence of stroke as compared to patients without cancer after adjusting for age, sex, time period, region, socioeconomic status, and comorbidities. 12 Similar to our study, the risk was highest soon after cancer diagnosis and existed for both ischemic stroke and hemorrhagic stroke. Although the Swedish study included a more Data are shown through the median period of follow-up for cancer patients for each cancer type up to a maximum of 3 years. homogenous population, its similar results strengthen the validity and generalizability of our main finding that cancer is independently associated with subsequent stroke. Cancer and its treatments routinely cause alterations in platelet, coagulation, and endothelial function, which in turn can cause thrombosis or hemorrhage. 13, 26 These factors usually lead to venous thromboembolism, but arterial events may occur as well. [28] [29] [30] Although cancermediated hypercoagulability has been described for centuries, its exact mechanisms remain poorly understood. Some potential prothrombotic mechanisms include increased production of tissue factor and cancer procoagulant, inflammatory cytokine release including vascular endothelial growth factor, and tumor-cell adhesion and activation of endothelium. 13, 26 The specific mechanisms by which these alterations may lead to stroke are also poorly understood. One common theory, which is supported by autopsy and transcranial Doppler microemboli studies, is that the hypercoagulability of cancer leads to the formation of nonbacterial thrombotic endocarditis, a condition in which small, sterile, platelet-fibrin vegeta-tions on normal cardiac valves embolize to the brain and cause ischemic stroke. 2, 31, 32 An alternative possibility is that cancer predisposes to ischemic stroke through paradoxical embolism of deep vein thromboses, which are greatly increased with cancer. In addition, cancer and its treatments may also predispose to hemorrhagic forms of stroke through intratumoral hemorrhage, coagulopathy from bone marrow suppression or liver dysfunction, and disseminated intravascular coagulation. 33 Our study design did not allow evaluation of these mechanistic hypotheses; further investigations will be needed to elucidate the biological mechanisms that link cancer to stroke.
This study has several limitations. First, because we used SEER-Medicare data, we excluded patients younger than 66 years, patients not enrolled in Medicare, and patients enrolled in a Medicare managed care plan. Second, our reliance on medical claims data may have led to misclassification of events, but Medicare ICD-9-CM codes have been shown previously to reliably identify stroke and other cardiovascular outcomes with high specificity. 22, 34 Third, although we attempted to account for 
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confounding by performing a robust and detailed matching schema, our cases and controls may have differed in regard to unmeasured confounders, which could have led to a false association between stroke and cancer. However, this seems unlikely, as stroke risk increased dramatically after cancer diagnosis and then decreased over time, which would be unexpected if our results were due to residual confounding. Similarly, it is unlikely that our findings are due to detection bias (ie, cancer patients monitored more closely resulting in more detected strokes), because stroke risk was not uniform among cancer types and appeared instead to correlate with the general aggressiveness of the underlying cancer. Fourth, we did not have data on diagnostic evaluations (eg, echocardiography) or stroke etiology, and thus could not determine the biological mechanisms that account for the association between cancer and stroke. Fifth, we were unable to identify or selectively analyze patients with Medicare Advantage plans; because these patients generally have increased healthcare benefits, their stroke risk after cancer diagnosis may be different.
We found an increased risk of stroke after a new cancer diagnosis, especially during the first 3 months after diagnosis and predominantly with more advanced malignancies. Our findings suggest that cancer may be an underappreciated yet common risk factor for stroke. Future studies will be needed to determine the precise mechanisms by which cancer may be associated with stroke, the need to include a cancer diagnosis in cardiovascular risk prediction instruments, and the optimal strategies to prevent stroke in patients with cancer.
